The hydrogen absorption and desorption reactions of pure MgH 2 were investigated by pressure-time measurements using a Sieverts' type instrument in the temperature and pressure ranges of 653683 K and 0.51.7 MPa, respectively. The absorption and desorption behaviors were analyzed using a fraction of the reaction product during the hydrogen absorption and desorption. The fraction was evaluated based on the amount of absorbed and desorbed hydrogen.
Introduction
Mg is one of the promising hydrogen storage materials from view point of basic science and application. Mg can absorb a large amount of hydrogen up to 7.6 mass%, as MgH 2 .
1) However, the kinetics of the hydrogenation/ dehydrogenation reaction is slow at room temperature. Actually, the reaction of Mg with hydrogen requires a high working temperature, e.g., ³700 K. Recently, MgH 2 mixed with a small amount of catalysts, metals, metal oxides and carbons have been investigated, 210) and some of the modified MgH 2 desorbed hydrogen at temperatures about 100 K lower than that of pure MgH 2 . Also, the hydrogenation kinetics and hydrogen storage capacities of the pure MgH 2 with a nanostructure prepared by ball milling and its single crystals with fibrous shapes prepared by the vapor deposition and gasphase condensation method have been investigated.
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The hydrogen absorption and desorption kinetics of Mg have to be improved for it to be used as a hydrogen storage medium. It is necessary to obtain information about the phase transition, the reaction site and hydrogen diffusion path during the hydrogen absorption and desorption reaction. From previous studies, there is a two-stage model to explain the hydrogen absorption of Mg. 1620) During the first stage, MgH 2 nuclei generate and grow on the surface. After MgH 2 covers the surface, the thickness of the MgH 2 layer increases with the hydrogenation reaction, which is the second stage. The first stage of the reaction can be described by a nucleation and growth model and the second stage is explained by the shrinking-core model. Information about the nucleation and growth, such as the nucleation rate and growth dimension, is obtained from the parameters in the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation. 2125) In general, the KJMA equation can be described by the kinetics of the phase transformation of metallic materials, e.g., crystallization of metallic glass and the precipitation phase transformation. A parameter of the KJMA equation provides information to determine the conditions of the nucleation and growth such as the nucleation rate, nuclei growth dimension, and rate-controlling step. There are some studies in which the KJMA equation has been used to describe the hydrogen absorption process of Mg based on the nucleation and growth model, such as the nucleation rate and growth dimension. 14, 2628) However, it is difficult to describe the dehydrogenation process of MgH 2 in detail. In this study, we investigated the hydrogen desorption process of MgH 2 and analyzed it using the KJMA equation to compare it with the hydrogen absorption process on a fundamental basis. Based on the results obtained from this analysis, the difference between the dehydrogenation process and hydrogenation process of MgH 2 was discussed.
Experimental Procedure

Materials
The MgH 2 powder was purchased from the Johnson Matthey Co. The major impurity of this material is pure Mg that had not reacted with hydrogen. The MgH 2 was stored in a sample container in a glove box filled with Ar of which the dew-point and oxygen concentration were maintained below 200 K and 1 ppm, respectively.
Before the measurement of the hydrogenation and dehydrogenation curves, the sample was subjected to 3 cycles of dehydrogenation and hydrogenation to reduce the amount of unreacted Mg. The sample was first evacuated at room temperature, then it was heated to 663 K. After 2 h, the hydrogen gas was introduced and the hydrogen pressure was kept at 2 MPa for 2 h. The temperature was kept at 663 K during the dehydrogenation and rehydrogenation processes.
The particle size distribution was measured by the dry method using a Nikkiso SPR-7340. The average particle sizes of the raw MgH 2 and activated MgH 2 were 34.8 and 34.9 µm, respectively. The specific surface areas of the raw MgH 2 powders and activated MgH 2 powders, as determined by the Brunauer-Emmet-Teller (BET) method, were 0.36 and 3.2 m 2 g ¹1 , respectively.
Measurement of hydrogen absorption and desorption curves
The hydrogen absorption and desorption curves were measured using a Sieverts' type instrument (Suzuki Shokan Co., Ltd.). Figure 1 shows a schematic diagram of the Sieverts' type instrument for measurement of the hydrogen absorption and desorption curves. A sample cell with a valve can be separated from the system without exposing the sample to air. A thermocouple was placed in the sample in the cell in order to control and measure the sample temperature. A two hundred mg sample of MgH 2 was stored in a cell in a glove box filled with Ar.
The reservoir tank and the cell with total inner volume of approximately 90 cc were used for the measurements. The apparatus had a working pressure range from 0.01 and 10 MPa with a precision of 0.005 MPa. The error was estimated to be nearly 0.01 H/M and 0.05 mass% for the amount of released hydrogen. Before starting the measurements, each sample was subjected to 3 cycles of dehydrogenation and rehydrogenation. The conditions of the dehydrogenation and rehydrogenation are described in the previous section. The hydrogen desorption behavior was measured in the temperature and pressure ranges of 653683 K and 0.51.7 MPa, respectively. The hydrogen pressure was recorded every 10 s.
The hydrogen desorption curve measurement was as follows:
(1) Sample was heated to the measurement temperature and the hydrogen pressure was maintained at 2 MPa to avoid any hydrogen desorption.
(2) Value 3b, which is connected to the reservoir vessel and sample cell as shown in Fig. 1 , was closed, then valve 3c, which is connected to the reservoir vessel and rotary pump, was opened and the hydrogen gas in the reservoir tank was evacuated.
(3) Value 3c was closed and valve 3a, which is connected to the reservoir vessel and hydrogen source, was opened and the hydrogen gas was introduced to a certain hydrogen pressure, P s . Valve 3a was then closed.
(4) Valve 3b was opened to measure the hydrogen desorption behavior.
The hydrogen pressure of the reservoir vessel, P s , was estimated using the equilibrium hydrogen pressure at the specified temperature, inner volume of the instrument apparatus and amount of the sample stored in the cell. This value corresponds to the initial pressure listed in Table 1 when valve 3b was opened to measure the hydrogen desorption behavior.
The Gibbs energy of reaction, " r G, is listed in Table 1 together with the initial and equilibrium hydrogen pressures. " r G was used as the measure of the driving force, "G, defined as the difference between the free energy of the initial state, G i , and free energy of the equilibrium state, G e . " r G can be expressed as follows:
Here, eq. (1) is used for the formation of Mg and H 2 from MgH 2 . P i and P e are the hydrogen pressures of the initial state and equilibrium state, respectively. Based on the enthalpy (" r H) and the entropy (" r S) for MgHydrogen system, P e was calculated for each condition by using the van't Hoff
) is the gas constant and T is the measurement temperature. For P i = 1.0 MPa and P e = 1.52 MPa at 663 K, " r G is ¹2.3 kJ·mol
¹1
. The Gibbs energy of reaction was calculated for each condition, and the values are summarized in Table 1 .
Analysis of hydrogen absorption and desorption
The hydrogen absorption and desorption behavior was analyzed using the fraction, f, of MgH 2 and pure Mg in the sample, respectively. The fractions of MgH 2 and pure Mg were evaluated from the amounts of absorbed hydrogen and released hydrogen, respectively.
The incubation period, which is discussed in Section 3.2, was estimated using the fraction of pure Mg. The incubation period was estimated as follows: (1) The amount of hydrogen released from MgH 2 was evaluated every 10 s. (2) The fraction of pure Mg, f, was calculated as follows:
f ¼ hydrogen content released from MgH 2 at t s: expected hydrogen content released from MgH 2 in the sample cell ð2Þ where t denotes the time that has elapsed since valve 3b in Fig. 1 , which was connected to the reservoir tank and the sample cell, was opened. (3) The reaction rate, X = df/dt, was calculated and the maximum value, X max , was determined. (4) The tangential line expressed as y À f t Xmax ¼ X max ðt À t X max Þ was prepared, where, t X max is the time when X max was obtained and f t Xmax is the fraction at t X max . (5) The line was extrapolated to y = 0. The X-intercept was determined to be the incubation period. The hydrogen absorption and desorption behaviors were analyzed using the KJMA equation, which describes the nucleation and growth process of the phase transformation as follows:
where Y denotes the volume fraction of the product, t denotes the time from the start of the reaction, and k is the reaction rate constant. The constant n, called the Avrami exponent, reflects the constancy of the nucleation rate, the dimension of nuclei growth and rate-controlling step. The Avrami exponent can be determined from the slope of the line described by the following equation derived from the KJMA equation:
The volume fraction of the product, Y, can be replaced by the fraction of MgH 2 or pure Mg, f. The fractions of MgH 2 and the pure Mg phase in the sample were evaluated from the amount of absorbed and desorbed hydrogen in this study, respectively. The hydrogen absorption and desorption data were plotted using eq. (2), ln t versus ln½lnð1 À fÞ À1 in order to analyze the hydrogen absorption and desorption behavior. The slope of this plot is the Avrami exponent, n. The Avrami exponent, which reflects the constancy of the nucleation rate and the dimension of nuclei growth, is discussed in Section 3.3.
Results and Discussion
Hydrogen absorption and desorption curves
The hydrogen absorption and desorption curves measured at 663 K are shown in Fig. 2 . For the hydrogen absorption process, the fraction of MgH 2 in the sample immediately increased after the measurement started. The hydrogenation proceeded at approximately a constant rate until t = 0.2 ks, then gradually decreased and saturated at f = 0.95 after 1 h, t = 3.6 ks. Such absorption phenomena have been previously reported for the hydrogen absorption by Mg and described as a characteristic phenomenon of nucleation and growth.
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The hydrogen desorption curve obtained at 663 K is sigmoidal. The fraction of Mg in the pure MgH 2 gradually rose at 0.3 ks and linearly increased until t = 2 ks. The change in the fraction of the Mg in pure MgH 2 then decreased and saturated to at f = 0.96 after 5.4 ks.
The difference in the hydrogen desorption from the absorption is that, in spite of the fact that the reaction can thermodynamically proceed, the former requires additional time, that is, an incubation period before it starts. We will discuss the dehydrogenation mechanism of MgH 2 in Section 3.3.
Properties of hydrogen desorption under various
conditions In order to clarify the properties of the dehydrogenation reaction, the fraction of Mg in the pure MgH 2 during the hydrogen desorption was evaluated over the temperature and initial hydrogen pressure ranges of 653683 K and 0.37 1.66 MPa, respectively.
The fractions of Mg in the MgH 2 measured at 653, 663 and 673 K are shown in Fig. 3(a) , when the initial hydrogen pressure is constant at 1 MPa. The hydrogen desorption curves obtained under these conditions are sigmoidal as shown in Fig. 2 . The curves show two characteristics: (1) the hydrogen desorption of MgH 2 does not immediately start. It is necessary to have an incubation period prior to the start of the dehydrogenation under these conditions. The incubation period obtained from the hydrogen desorption curves The hydrogen equilibrium pressures at 653, 663 and 673 K are 1.24, 1.52 and 1.86 MPa, respectively. The difference between the initial and equilibrium pressures, ÁP ¼ P e À P i , is reduced at the lower measurement temperature. Thus, at 653 K and the initial hydrogen pressure of 1 MPa, the hydrogen desorption could not be completed.
The hydrogen desorption curves obtained at 653, 663 and 673 K and at the initial hydrogen pressures of 0.72, 1.00 and 1.34 MPa, respectively, shown in Fig. 3(b) , where the initial pressure was controlled so that ¦P was constant. The hydrogen desorption was completed even at 653 K under the specified conditions. The obtained hydrogen desorption curves are S-shaped and the fraction reached 0.95 or above within 5 ks. The incubation period was 0.700, 0.579 and 0.424 ks at 653, 663 and 673 K, respectively. From these results, the incubation time is shorter at the higher temperatures, as well as a higher ÁP ¼ P e À P i when the temperature is constant.
During the dehydrogenation, Mg nuclei are generated and increased in MgH 2 . In general, a driving force is necessary to allow the nucleation and growth during the phase transition. In this study, the Gibbs energy of reaction, " r G, is defined in this study as a measure of the driving force (see Section 2.2).
The hydrogen desorption curve of MgH 2 measured at 653683 K with " r G = ¹2.3 kJ·mol ¹1 , which is the initial value for the reaction, is shown in Fig. 3(c) . The hydrogen desorption was faster at the higher measurement temperature. The incubation times evaluated at 653683 K were 0.685, 0.552, 0.354 and 0.193 ks, which indicates that the incubation period is shorter at the higher temperatures.
The reaction rate is defined by the following equation:
where t f 0:5 represents the reaction time that the fraction, f, reached to 0.5. The r value increases with the temperature. The dependence of the reaction rate on the temperature is represented by the following equation:
where E a denotes the activation energy and A is a constant. The natural logarithm of eq. (6) yields
The reaction rates were plotted using eq. (7) using 1/T versus ln r in order to evaluate the activation energy of the hydrogen desorption of the MgH 2 . The slope of this plot is the activation energy. The Arrhenius plot for the ln r parameter obtained from the hydrogen desorption curve measured at 653683 K with " r G = ¹2.3 kJ·mol ¹1 is shown in Fig. 4 . The data are linearly approximated. The activation energy of 150 kJ·mol ¹1 is obtained from the fitted slope of experimental data. This value is in good agreement with the previous reported values of 120160 kJ·mol ¹1 .
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The hydrogen desorption curve of MgH 2 was measured in the temperature range of 653683 K and initial hydrogen pressure range of 0.51.7 MPa. Incubation periods were observed in all the curves in this study. The plot of the incubation period Gibbs energy of reaction under various conditions is shown in Fig. 5 . The incubation period is shorter for the higher absolute value of the Gibbs energy of reaction. At the same value of the Gibbs energy of reaction, e.g., " r G = ¹2.3 kJ·mol
¹1
, the incubation period trends to be shorter at the higher measurement temperature.
We will discuss the nucleation and growth of the Mg phase in detail using the KJMA equation in the next section.
Analysis of hydrogen desorption
The hydrogen absorption and desorption behavior was analyzed using the fraction of product, f, which was the fraction of MgH 2 and pure Mg phase in the sample evaluated from the amount of absorbed and desorbed hydrogen, respectively. The data were analyzed using the KJMA equation, which describes the nucleation and growth process of the phase transformation. The purpose of the data analysis using the KJMA equation in this study is to clarify the similarities and differences in the nucleation and growth process during the hydrogen absorption process and hydrogen desorption process.
The hydrogen desorption data were obtained at 653683 K with " r G = ¹2.3 kJ·mol ¹1 for the Gibbs energy of reaction and those of the hydrogen absorption reaction at 663 K and 2 MPa hydrogen atmosphere initial pressure. The hydrogen of the amount corresponding to the expected stoichiometry can be absorbed and desorbed for 5 ks under these conditions. The hydrogen desorption data plotted using the KJMA eq. (4), ln t versus ln½lnð1 À fÞ À1 , together with the result of the hydrogen absorption are shown in Fig. 6 . The results show the following characteristics: (1) there is plateau region, which is evidence for the existence of the incubation period, in all the curves. While there is no incubation period during the hydrogen absorption process, (2) the plot have a similar tendency for the reaction time. The curves can be overlapping each other in parallel to reaction time, thus (3) the slope of the curves seems to vary with the reaction time. The hydrogen desorption process is divided into three stages. Also, the plot of hydrogen absorption using the KJMA eq. (2) demonstrates that the MgH 2 grains develop in three stages.
The Avrami exponents, n, were evaluated from the slope of the plot using the KJMA equation for each 0.05 fraction. Figure 7 shows the Avrami exponent for the fraction of pure Mg during the hydrogen desorption process together with the Avrami exponent calculated from the hydrogen absorption measured at 663 K.
During the hydrogen desorption process, the n values obtained from the hydrogen desorption curves were roughly the same value, n ! 3, at the initial stage, f 0:15. The n values decrease with the increasing of pure Mg fraction for all the hydrogen desorption measurements. As the fractions of pure Mg reach 0.6 and 0.8, the n values are approximately 2 and 1, respectively.
For the hydrogen absorption process, the obtained n value was approximately 1.6 at the initial stage, f 0:075. In the fraction range of 0.10.6, the n was approximately 1.1, independent of the fraction of pure Mg. After the fraction reached to 0.6, the Avrami exponent is smaller than the one for the initial and second stages, and gradually decreases with the increasing fraction of Mg. The value is 0.6 at the final stage, f ! 0:8, during the hydrogen absorption process.
From the obtained n values, n = 1.6, 1.1 and 0.6 during the hydrogen absorption process, we considered the phase transition process from pure Mg to MgH 2 . The obtained n values, n = 1.6, 1.1 and 0.6, correspond to three-, two-, and one-dimensional grain growths with a decreasing nucleation rate, respectively. As the reaction time proceeds, n values less than 1.0 indicate that the rate limiting step is the diffusion of hydrogen atoms. Based on these results, the hydrogen absorption reaction process is as follows: (1) the nucleation of MgH 2 as an isolated grain on the surface of the particle, (2) the nuclear grows in three dimensions and hydride covers the surface of the particle, and (3) the hydride layer grows toward the center of the particle. This phenomenon agrees with the result reported in a previous study. 14, 28) Further physical data indicated that the hydrogen diffusion in MgH 2 is many orders of magnitude lower than in pure Mg. 33) Thus, the kinetics of the hydrogen absorption is slower toward the end.
The n value for the reaction time during the hydrogen desorption changes in the same way as that obtained during the hydrogen absorption reaction. The n values evaluated during the hydrogen desorption were higher than those evaluated during the hydrogen absorption reaction, particularly at the initial stage. The difference seems to come from the reaction mechanism of which the hydrogen desorption is different from the hydrogen absorption.
Based on the Avrami indices obtained in this study, the following hydrogen desorption process can be considered. During the initial stage, an n greater than 3 indicates a threedimensional grain growth with a decreasing nucleation rate or two-dimensional grain growth with a constant nucleation rate. The nucleation site decreases due to a decrease in the MgH 2 phase with an increasing reaction time. After the nucleus is in contact with other nuclei, the n value is less than three due to suppression of the growth. The Mg grain grows inside the particle and the growth direction is limited by the other nuclei in the particle. The n value for the hydrogen desorption reaction in the final region is greater than one, while the n value for the hydrogen absorption reaction in the final region is less than one. An n value is less than 1.0 indicates that the rate limiting step is the diffusion of hydrogen atoms during the hydrogen absorption reaction, while an n value obtained in the third stage corresponds to a two-or one-dimensional grain growth with the rate limiting step being the diffusion of the boundary or atom.
Based on these results, the hydrogen desorption process is as follows: (1) the nucleation of Mg on the surface of the particle, (2) the three-dimensional nuclei growth and (3) the Mg/MgH 2 grain boundary growth toward the center of the particle.
A schematic model for the hydrogen absorption by Mg and desorption by MgH 2 is shown in Fig. 8 . By using SEM 34, 35) and TEM, 36) the characteristics of Mg during the different hydrogenation stages were investigated. The results are sufficient evidence for the hydrogen absorption reaction model as described above. However, there is not enough evidence for the hydrogen desorption reaction model at the present time. The distribution of nuclei, nucleation rate, and growth rate are important in order to clarify the hydrogen desorption reaction mechanism. The nucleation and growth of Mg in MgH 2 particles during the various dehydrogenation stages investigated by optical microscopy, SEM and TEM are currently in progress.
Conclusions
In this study, we measured the hydrogen desorption curves of MgH 2 using a Sieverts' type instrument and analyzed by the KJMA equation.
(1) An incubation period was observed during the hydrogen desorption process, but not during the hydrogen absorption process. (2) The incubation period estimated at 663 and 673 K is shorter for the higher absolute value of the Gibbs energy of reaction. For the same Gibbs energy of reaction value, the incubation period tends to be shorter at the higher measurement temperature. (3) The Avrami index, n, obtained by the KJMA equation changes from n = 3 to n = 1 during the hydrogen desorption time. These values suggested that the Mg nuclei are generated and grow three-dimensionally during the initial stage, then, the Mg nuclei grow twoor one-dimensionally. N. Takeichi, Y. Sakaida, T. Kiyobayashi and H. T. Takeshita
